Background: This study investigated whether realistic immersive conditions with dynamic indoor scenes presented on a large, hemispheric panoramic screen covering 180 of the visual field improved the visual search abilities of participants with age-related macular degeneration (AMD). Method: Twenty-one participants with AMD, 16 age-matched controls and 16 young observers were included. Realistic indoor scenes were presented on a panoramic five metre diameter screen. Twelve different objects were used as targets. The participants were asked to search for a target object, shown on paper before each trial, within a room composed of various objects. A joystick was used for navigation within the scene views. A target object was present in 24 trials and absent in 24 trials. The percentage of correct detection of the target, the percentage of false alarms (that is, the detection of the target when it was absent), the number of scene views explored and the search time were measured. Results: The search time was slower for participants with AMD than for the age-matched controls, who in turn were slower than the young participants. The participants with AMD were able to accomplish the task with a performance of 75 per cent correct detections. This was slightly lower than older controls (79.2 per cent) while young controls were at ceiling (91.7 per cent). Errors were mainly due to false alarms resulting from confusion between the target object and another object present in the scene in the target-absent trials.
Age-related macular degeneration (AMD) is the leading cause of blindness worldwide. People with AMD suffer from a multitude of visual problems, including reduced visual acuity, impaired colour vision, decreased contrast sensitivity, and distortion of lines due to central vision impairment. Over time, the vision becomes increasingly blurred, affecting the ability to see fine details (for example, high spatial frequency filtered images), 1 to read [2] [3] [4] [5] [6] and to recognise faces and small objects. [7] [8] [9] Although peripheral vision greater than 20 is usually spared in AMD, the reduction of central vision impairs the proficiency of activities of daily living, mobility and independence. [10] [11] [12] [13] Indeed, central vision is needed for activities such as reading, driving and grasping objects. [14] [15] [16] [17] [18] In a recent review, Taylor et al. 13 reported that numerous studies of individuals with AMD have indicated that most of them require assistance with activities of daily living, such as meal preparation, travelling, cleaning, grooming, shopping, navigating steps, noticing obstacles, reading and driving. Visual searching is a very frequent activity of daily life. Indeed, whether our goal is to locate keys on a cluttered desktop or to select specific items on shelves of the supermarket, visual searching is ubiquitous. Slowing of visual searches is thus likely to lengthen the time required to complete many everyday tasks. Inconsistent results have been reported in studies investigating the effects of real or artificial central scotoma on visual searches. Individuals with AMD have been found to be impaired, exhibiting increased search times and longer fixation durations, in search tasks using small static displays in which the participants had to find a small target, usually a letter or a geometric shape among structurally similar distractors (for example, a tilted T within rotated Ls or a circle within Cs). 19, 20 With photographs of natural scenes containing various objects, Taylor et al. 21 reported that the average search durations for patients were almost twice those for agematched controls. In contrast, Wiecek et al. 22 and Satgunam et al. 23 reported no differences between patients and normally sighted participants when a target object had to be found in photographs of scenes. With a gaze-contingent artificial scotoma in normally sighted young participants, increased search times and reduced accuracy have been reported in large central scotoma conditions (4-10that artificially impairing extrafoveal scene exploration was more detrimental for visual searching than a scotoma suppressing the foveal and parafoveal vision. Consistent with these results, there is evidence that performance in search tasks is also compromised in individuals suffering from ocular diseases affecting the peripheral visual field. For instance Smith et al. 27 reported longer search times for patients with glaucoma than for age-matched controls with photographs of scenes as stimuli. They suggested that the saccadic behaviour of patients may underpin these deficits. In a more realistic search task where patients with glaucoma were asked to collect 20 different products chosen randomly in two supermarket racks, Sippel et al. 28 found no significant difference between patients and controls on the number of correctly collected items when search time was not restricted but the patients needed on average a longer time per correctly collected item than the controls under time pressure.
Laboratory search tasks can provide information about basic search processes, but they lack the complexity inherent to more realistic environments. In contrast to traditional laboratory search tasks, in which a static stimulus is displayed on a computer screen, and a target might be presented on a homogeneous background (for example, a T within Ls), search environments in the real world frequently contain target objects presented on a background composed of other objects and large displays covering the whole visual field.
Interestingly, Smith et al. 29 reported that patients with glaucomatous visual field defects in both eyes were more impaired, compared to normally sighted participants, in locating target objects when searching photographs of everyday scenes than in locating a target within a homogeneous set of distractors in the Landolt C symbols task. This suggests that classical search tasks, using optotypes, do not reflect the difficulties encountered by people with visual field defects in daily life.
In individuals with central vision loss, Taylor et al. 21 conducted a visual search task that was closer to daily life situations. They asked participants with atrophic AMD at various stages of the pathology to find target objects in large photographs (20 × 15 ) of natural scenes displayed on a computer screen. Although this method has much better real-world applicability than search tasks using arrays of optotypes it is still different from real world situations in which we have to explore larger background scenes where peripheral vision, and contextual information, can be used. 30 The objective of the present study was to investigate whether, compared to search tasks with small static displays, visual search abilities are improved in individuals with a central scotoma when assessed in realistic conditions, using dynamic indoor scenes covering the whole visual field. Because there has been evidence that the impact of central vision loss is reduced in more realistic daily life situations 31, 32 than in laboratory conditions using small static displays, patients were expected to be able to perform the task with good accuracy, although more slowly than normally sighted participants. Furthermore, since visual searching has been reported to be affected by ageing 33, 34 a young control group was included to dissociate the effects of age from the effects of pathology.
METHODS

Patients with AMD
Twenty-one patients with AMD and with best corrected visual acuity less than 6/12 were included. Both types of AMD (neovascular and atrophic) with subfoveal involvement were diagnosed by fundoscopy and retinal imaging, including fundus photography (CR-DGI, Canon, Haag-Streit, France), fundus autofluorescence, infrared reflectance and spectral-domain optical coherence tomography (SD-OCT) for all AMD types.
For neovascular AMD, the diagnosis was confirmed by fluorescein angiography and indocyanine green angiography using a confocal laser scanning ophthalmoscope (Heidelberg Retinal Angiograph 2).
The exclusion criteria were a history of any neurological and psychiatric disease, a history of another ophthalmologic disease other than AMD that might compromise visual acuity or peripheral vision (glaucoma, optic neuropathy, lens opacity), deafness, medication that might compromise concentration (benzodiazepines, narcoleptics), or mental deterioration with a Mini-Mental State Examination score < 24/30.
All of the participants with AMD underwent complete clinical examinations, including best corrected visual acuity determined using Early Treatment Diabetic Retinopathy Study charts at a distance of four metres, slitlamp examination, intraocular pressure, and fundoscopy and multimodal retinal imaging to fulfil the inclusion and exclusion criteria.
In this study, eyes classified as having neovascular AMD were characterised as having choroidal neovascularisation currently followed and treated by intravitreal anti-vascular endothelial growth factor (ranibizumab 0.5 mg or aflibercept 2 mg) intravitreal injections.
Fundus autofluorescence and SD-OCT were performed in atrophic AMD, the optical and the technical principles of which have been previously described. 35 SD-OCT was recorded at each visit using 49 line cube examination of Spectralis. The SD-OCT derived images had been obtained by using an eye-tracking system.
The lesion size of geographic atrophy was measured by fundus autofluorescence and SD-OCT, as previously reported (Heidelberg Eye Explorer, Heidelberg Engineering, Dossenheim, Germany). 36 In neovascular AMD, the area of the lesion (mm 2 ) was measured from digital angiograms by outlining the lesion, using image analysis software (Heidelberg Eye Explorer). 37 The clinical data of the participants with AMD are summarised in Table 1 .
Age-matched control group
The age-matched control group was composed of 16 volunteers. The inclusion criteria for the age-matched control group were visual acuity ranging from 6/7.5 to 6/6 for each eye and normal slitlamp and fundus examinations. They had no histories of ophthalmologic or neurological diseases and no cognitive impairment. The control participants were either relatives of participants with AMD or patients who underwent successful cataract surgeries.
Complete clinical examinations were performed in this group to fulfil the inclusion criteria and to exclude participants with media opacity or retinal disease. As in the AMD group, cognitive impairment was assessed using the Mini-Mental State Examination. Participants with AMD and elderly controls were recruited in the Ophthalmology Department of Saint Vincent de Paul Hospital in Lille, France.
ageing from those of the pathology. Sixteen young students in medicine or in psychology with normal vision and no medical histories were recruited at the University of Lille. Young participants were asked to come with their optical correction.
The study was approved by the ethics committee of Lille. In accordance with the tenets of the Declaration of Helsinki, written informed consent was obtained from all the participants.
The demographic characteristics of the participants are summarised in Table 2 .
Stimuli
Twelve indoor, coloured scenes covering 280
were created using Mindscape Architecture 3D expert software. Because the screen covered 180
, the participants could navigate in the scene (moving within the 11 scene views) using a joystick. An example can be seen at: https://sites.google. com/site/panoramicsearchscalab/home. The scenes represented garages, kitchens, bedrooms and living rooms. An example is shown in Figure 1 . Twelve target objects (bedroom: teddy bear, alarm clock, pillow; kitchen: coffee maker, toaster, frying pan; garage: hammer, axe, drill; living room: flower vase, DVD player, TV) were selected in Mindscape Architecture 3D expert software and were located in the scene (target present) or not (target absent).
Equipment
Scenes were displayed on a hemispheric panoramic screen (height: 2.4 m; diameter: 5 m) covering 180 of the visual field. The stimuli were displayed by means of three projectors (Optoma HD83) fixed on the ceiling and connected to a PC computer (Dell). The software was written in MATLAB. In addition, software for curve correction (Immersive Display Pro) was used to display smooth pictures.
Procedure
The participants sat at 2.04 m of a central fixation cross. They wore spectacles for distance vision. Although a chin rest was used to provide a fixed distance from the screen, the participants were allowed to freely move their eyes and head to scan the images. The experiment was performed binocularly. For technical reasons, due to the large field of view to explore and head movements, eye movements were not recorded.
A target object was presented on paper before each trial. Its name was given orally, and it remained displayed at the top of the screen during the search. There were 11 views for each of the 12 different scenes. The starting view varied randomly among scene views 3, 5, 7 and 9. Each of the 12 scenes was seen twice with a target present (using two different target objects) and twice with the target absent. The four starting views of the scenes were randomly presented. When present, the target object was located at a plausible location (for example, an alarm clock on a table, not on a sofa). There was no time limit to find the target. Between scenes, a rest time with a grey background was proposed. The participants triggered the next trial with a key press. The responses were given using two response keys. Participants pressed the right key for target present and the left key for target absent. To ensure that the target had been correctly detected, and not confused with another object or a guess, participants were asked to point toward the target following its detection. Accuracy was controlled by the experimenter. Four practice trials on scenes different from those used in the experiment were used to familiarise the participants with the response keys.
Data analysis
Statistical analyses were conducted using SPSS software on the percentage of correct detections of the target ('hits'), the percentage of false alarms (that is, detection of a target when it was absent), the search time and the number of scene views explored to find the target. Because the condition of homogeneity of variances was not fulfilled, non-parametric analysis of variance was conducted.
Correlations between task performance and clinical parameters (logMAR visual acuity) were analysed using Pearson's correlation co-efficient (r) and the matching significance of the correlation. In addition, to determine any correlation with severity of AMD, we dissociated the patient group. AMD patients with visual acuity worse than 0.7 logMAR and AMD patients with visual acuity better or equal to 0.7 logMAR. Statistical significance is reported as p < 0.05.
RESULTS
The results are presented in Figure 2 .
Total duration of the task
The total duration to complete the task was on average 12 minutes for young participants, 35 minutes for older participants and 60 minutes for patients.
Accuracy HITS
There was a significant effect of group (see Figure 2A ; H2, 53 = 20.33, p < 0.001) resulting from the lower accuracy of individuals with AMD (median: 75 per cent) and older controls (median: 79.2 per cent) and was greater for older than for younger controls (median: 91.7 per cent). The difference was significant between young and older controls (U = 35.0, p < 0.001) and between young controls and patients (U = 30.5, p < 0.001) but not between patients and age-matched controls.
FALSE ALARMS
As seen in Figure 2B , the number of false alarms was higher for patients (median: 20. Table 2 . Demographic data of the study population Figure 1 . Example of a panoramic scene displayed on the 180 panoramic screen. The target object in this scene is a teddy bear. Each trial participant is presented with a photo of the object to search for (see bottom right), and the target name is written at the top of the scene ('Peluche' for teddy bear) for the whole duration of the search. Participants 'navigate' in the scene using a joystick until detection of the presence or absence of the target. The response is given by one of two keys (present/absent).
Age-related macular degeneration Thibaut, Tran, Szaffarczyk et al.
of group was significant (H2, 53 = 19.55, p < 0.0001). The difference was significant between AMD and older controls (U = 66.0, p < 0.002) and between AMD and young controls (U = 41.5, p < 0.001) but not between age-matched and young controls.
Search time/scene
A significant main effect of group (see Figure 2C ; H2, 53 = 36.47, p < 0.0001) was observed, with a longer search time for individuals with AMD (median: 40.9 seconds) than for age-matched controls (median: 22.5 seconds; H1, 37 = 10.36; p < 0.001) and a longer search time for older than for younger controls (median: 8.7 seconds; H1, 32 = 21.14; p < 0.001). Search time was also affected by the presence/absence of the target with a time cost for target-absent trials in the three groups (Z = 6.33, p < 0.0001): by 5.87 seconds/ scene for young controls, 12.57 seconds/ scene for older controls and 15.64 seconds/scene for patients.
Number of scene views explored to find the target (navigation)
The number of scene views explored was greater when the target was absent than when it was present (14.2 versus 6.4; Z = 6.33; p < 0.001). There were no significant differences among the groups of participants (see Figure 2D ; H2, 53 = 4.10, p = 0.128). No significant differences in performance (hits, false alarms, search time, number of scene views explored) were found between atrophic and neovascular AMD. Relationships between clinical parameters and task performance
Because the task was performed binocularly, and the clinical data were different between eyes, we computed correlations between the visual acuity of the betterseeing eye and number of correct detections, false alarms, response time and number of scene views explored. No significant differences in performance (correct detections, false alarms, search time, number of scene views explored and visual acuity of the better seeing eye).
DISCUSSION
Consistent with the literature on visual search tasks in laboratory conditions, 13, 19, 20, 38 this study showed that individuals with AMD exhibited longer search times than age-matched, normally sighted participants, and their response time was correlated with the visual acuity of the better-seeing eye. Like Taylor et al. 21 with photographs of natural scenes, the average search durations for individuals with AMD were almost twice those of agematched controls in our realistic scenes. Taylor et al. 21 did not record the error rate because the target was always present, and scenes were displayed until target detection in their study. The number of false alarms observed in this study was approximately 15 per cent higher for individuals with AMD than for normally sighted agematched controls. Nevertheless, the patients were able to accomplish the task with a median accuracy of 75 per cent correct detections of various target objects.
Although visual search papers have described searching as an important realworld task, the majority of studies had participants seeking target letters or simple shapes among a various number of distractor items presented in random configurations on homogeneous backgrounds. Realistic scenes seem more complex in that they involve many different objects on different backgrounds, but in contrast to classical search displays, real scenes are not random. The elements are arranged in a rule-governed manner: pieces of furniture appear on horizontal surfaces, while knives tend to be near forks and plates. Violations of these expectations have been shown to impede object recognition. 39 These regularities are used for semantic guidance. 40, 41 Semantic guidance includes knowledge of the probability of the presence of an object in a scene and of its probable location in that scene given the layout of the space, as well as inter-object relations. [42] [43] [44] When searching for objects in naturalistic scenes, semantic guidance directs attention efficiently to the parts of the scene that have the highest probability of containing the targets (for example, an alarm clock is more likely to be found on a bedside table than on a sofa). Moreover, in familiar environments, memory can be used to expedite the search (for example, people know where to find their scissors or where the coffee maker is located).
Studies of scene perception have shown that, within a single fixation, we are able to understand the overall meaning or 'gist' of a scene (for example, a wedding, a street scene, a kitchen, et cetera). 45 High acuity is not required for scene gist recognition. With photographs of scenes filtered in spatial frequencies, Oliva and Schyns 46 showed that performance was better than chance (60 per cent correct) with coarse spatial scale information (4-6 cycles/image) in an indoor/outdoor scene categorisation task. Tran et al. 47 showed that individuals with a central scotoma were able to categorise scenes displayed for 300 ms as natural/ urban or indoor/outdoor with high accuracy (more than 80 per cent correct), suggesting that, in the present study, individuals with AMD likely recognised quickly the gist of the scenes and used this contextual information for search guidance.
The types of errors in participants with AMD (false alarms) suggest that patients tended to press the 'present' key as soon as they perceived an object that resembled the target. Several studies have shown that, during scene exploration, normally sighted participants use semantic and structural similarities between objects to guide visual attention in search tasks. [48] [49] [50] While performing a visual search task, participants tend to fixate on objects that are semantically and visually similar to a verbally specified target. 50, 51 Semantically related and visually similar objects tend to co-occur in scenes (for example, tools in a garage, oven, microwave, toaster in a kitchen, et cetera). Compared to visual search tasks in which the target pops out (for example, a circle within squares), the greater physical similarity between the target and other objects in the present study might have been responsible for impeding search performance. Consistent with this account, the number of false alarms was particularly high in participants with impaired central vision, approximately three times higher than that of the age-matched controls. With reduced visual acuity, individuals with AMD were more likely to misidentify targets and to press the 'present' key for a distractor that was structurally similar to the target against backgrounds containing visually and semantically similar objects.
Visual search was also affected by ageing, with lower accuracy and a longer search time for older than for younger normally sighted participants. The search time was approximately three times longer for older controls than for young observers, and their accuracy was 12 per cent lower. These results were consistent with those of previous studies. Indeed, a slowing in visual processing speed has been described as a common characteristic of ageing (see Owsley 2011 for a review). 52 Older adults require more time than younger participants to detect, distinguish or recognise visual targets. For instance, Rémy et al. 53 showed a clear slowdown of visual and motor components in participants after 60 years old in an object categorisation task. Older adults often report difficulties when searching for items within cluttered visual scenes. 54, 55 Although some of this age-related visual decline could be the result of changes in low-level vision (for example, visual acuity, reduced contrast sensitivity; greater sensitivity to crowding), [56] [57] [58] some age-related declines in visual information processing also result from decreases in higher-level visual processes, such as visual attention, memory and inhibitory processes. 33, [59] [60] [61] In visual search tasks, older participants have been shown to be more detrimentally influenced by distraction than younger participants. 54, 62, 63 It has been suggested that this distraction effect results from difficulties disregarding irrelevant stimuli. 62 This filtering problem, in addition to reduced selectivity in high-level visual areas in older observers, 64 might have contributed to longer search times and increased errors in older than in younger participants in the present study. These deficits were amplified in individuals with low vision. Indeed, Thibaut et al. 9 showed that the accuracy for identification of isolated objects and objects in scenes was reduced by 30 per cent in individuals with AMD compared to Age-related macular degeneration Thibaut, Tran, Szaffarczyk et al.
normally sighted, age-matched controls, and most errors resulted from confusion between visually similar objects (for example, a key for a tennis racket).
CONCLUSIONS AND LIMITATIONS
These results show that, although slower than age-matched, normally sighted controls, individuals with AMD were able to accomplish visual searches of objects with high accuracy under realistic conditions. Their error rate, mainly resulting from confusion between visually similar objects, was higher than that of age-matched controls, but older participants also exhibited a higher error rate than young participants, suggesting that low vision due to macular degeneration amplifies deficits associated with normal ageing.
In addition to being similar in shape, targets and distractors most often share surface information (for example, their colour). Varying the colour of structurally similar objects in indoor scenes might help individuals with low vision to distinguish objects more efficiently when searching for items. Although realistic, our scenes were not equivalent to normal daily life situations. We do not expect these results to generalise to more familiar environments in which people know where to look for objects. Our sample size of neovascular and atrophic AMD was small. Further consideration of these two types of AMD separately might be interesting in further studies.
